Introduction
Recent archaeozoological and archaeological research indicates that domestication of the first four livestock animals (goat, sheep, pig, and cattle) began in South-Western Asia about 11,000-10,000 years ago, with the small ruminants coming first in the series (Zeder, 2008) . These domesticates arrived in Western Anatolia around 7,000 BC with the westward spread of the Neolithic, reached the area north of the Bosporus around 6,200 BC, and then spread along at least two different routes towards Central Europe (Boyadzhiev, 2006; Lüning, 2000; Özdogan, 2007) . Aside from the Mediterranean and the transDanubian routes of expansion, other routes are also conceivable; one possible route passes through the area of the Caucasus that has yielded early Neolithic sites as old as 6,000 BC .
There has been longstanding debate concerning the theoretical possibility of multiple autochthonous domestication or hybridisation events of both cattle and swine in Europe, as both species lived in areas that were also populated by their wild counterparts (e.g. Bökönyi, 1974; Nobis, 1975; RowleyConwy, 2003) . However, studies on modern and ancient mitochondrial DNA have shown no or only very limited impact of aurochs on the gene pool of Central and Northern European domesticated cattle Scheu et al., 2008) . In the case of pigs, Larson et al. (2007) suggested on the basis of their study of ancient DNA that European wild boars were locally domesticated as a consequence of the introduction of Near Eastern domesticated swine and subsequently completely replaced the original Near Eastern domesticates during the Neolithic.
Unlike pigs and cattle, sheep and goats did not have wild precursors in Holocene Europe. The import of their domestic descendents during the Neolithic is therefore undisputed and hybridization events in Europe can be ruled out (Benecke, 1994; Zeder, 2008) . However, a complex domestication pro-cess including repeated hybridizations through time remains theoretically possible in the whole ancient distribution area of wild caprines in the Near East and Anatolia (Benecke, 1994; Uerpmann, 2007) .
In the following we present a summary of our ancient DNA study on all four early livestock species, addressing the essential archaeozoological questions of local domestication, inbreeding and backcrossing of wild animals, demographic processes possibly linked to human cultural developments and migrations, and differences among the four different species with respect to livestock management. We successfully analysed ancient mitochondrial DNA of 271 bone samples belonging to the genera Bos, Sus, Capra and Ovis from 19 different archaeological sites in South-Eastern Europe, Western Anatolia, Crimea and the Caucasus (see Fig. 1 ). The dates determined for the sites cover the time span between the earliest Neolithic and the Iron Age and are given in Table 1 , together with the absolute number of samples and species per site.
Results and discussion

The domestication history of Bos taurus
A large number of molecular genetic studies on modern and ancient domesticated cattle (Bos taurus) have been carried out within the last several years. On the basis of this research, we now know that present-day European taurine cattle can be traced back to a single common origin in the Fertile Crescent. Modern mitochondrial control region sequences show a drastic decline in variability following the geographical spread of the Neolithic from areas around the putative origin of domestication towards Central Europe (Troy et al., 2001) . Additionally, the low genetic mitochondrial diversity of modern Central and Western European cattle has proven not to be an artefact of recent demographic events or modern breed- ing strategies, as ancient domesticated bovines of the same area present a similar picture (Bollongino et al., 2006) . However, exactly where, when, and how the decline in variability occurred remains unknown due to the lack of DNA sequences of ancient domesticated cattle from areas within or closer to the domestication origin. Only three sequences from South-Eastern Europe and the Caucasus have been reported so far, two from the site of Asagı Pinar in Turkish Thrace and one from Didi Gora in Georgia (Bollongino et al., 2006) . Thus, to allow the comparison of the genetic variability of cattle from different geographical regions, we sequenced the mitochondrial hypervariable region I (HVR I) of 80 Neolithic to Iron Age domesticated cattle from the areas around the Black Sea. Subsequently, we grouped all novel and previously published sequences into three geographical regions: namely Central and Western Europe (33 sequences from Germany and France), South-Eastern Europe (71 sequences from Turkish Thrace, Bulgaria, Romania, Bosnia-Herzegovina) and the Caucasus (12 sequences from Georgia).
Using a 399 base pair fragment of the HVR I, we estimated standard diversity indices within and among these three geographical groups. For all three indices, a decline of diversity from the Caucasus to South-Eastern Europe (SE Europe) to Central/Western Europe (CW Europe) can be observed (exact values are given in Table 2 ). The large degree of difference between SE Europe and CW Europe is re- Such a loss of genetic variability can be explained by population migration and expansion, i.e. demographic events that accompanied the process of Neolithization. The gradient of variability seen among the ancient samples is in general agreement with the scenario of a single domestication process in the Near East followed by the export of the domesticated cattle to the surrounding areas during the westward spread of the Neolithization process. However, the fact that the relationship between the SE European samples and the samples from the Caucasus is closer than that between the former and the CW European samples demonstrates that the genetic homogeneity in CW Europe must be due to enormous impacts from demographic events that occurred after the domesticated cattle crossed the Balkans during their movement along the trans-Danubian route of Neolithization. A link between the sudden and rapid spread of the Linear Pottery Culture (LBK) that arose north of the Balkans and the migration of cattle towards Central Europe could serve as an adequate explanation for our findings. Recent studies have demonstrated that the allele responsible for the ability to digest lactose in European adults arose in the same area around the Lake Balaton Itan et al., 2009) , indicating that dairying played a significant role among the earliest farmers, probably shaping the cattle genome in parallel due to immense selection pressure.
The domestication history of Capra hircus
Molecular genetic studies on modern mitochondrial DNA have revealed that domesticated goats (Capra hircus), in contrast to all other Neolithic farm animals, show extremely high genetic diversity all over the world and almost no geographical structuring (Naderi et al., 2007) . It has been suggested that the structuring was lost over time through the intensive trading of the easily transportable goats after their initial domestication in Eastern Anatolia and/or the Fertile Crescent (Luikart et al., 2001; Bruford et al., 2003) . If so, ancient DNA studies on samples that predate possible admixture events, like the widespread Bronze Age trade networks across the Black Sea or the Mediterranean, have the potential to detect past structuring by recovering a "Neolithic signal" like the one seen in cattle. In the only previously published ancient DNA study on 19 early Neolithic goats from the archaeological site of Baume d'Oullen in mod- ern-day South-Western France (Fernandez et al., 2006) , mitochondrial haplotype diversity is extremely low compared to that of present-day European goats (0.61 compared to 0.99, calculated on the basis of 932 previously published modern European goat sequences). In addition to the possibility that the homogeneity among these goats is due to a small number of goats that reached Southern France following the Mediterranean route of Neolithization, one could also argue that the pattern seen at one archaeological site need not necessarily be representative of the Neolithic genetic diversity of the surrounding area. Thus a broader survey of mtDNA sequences from different geographic regions and points in time is needed in order to further investigate and compare the modern and the ancient genetic variability of goats.
In our study on 36 domesticated goats from Turkish Thrace (20), Bulgaria (7), Romania (2), Georgia (6) and Western Anatolia (1), we sequenced 130 bp of the HVRI using the same fragment analysed in the Baume d'Oullen study. The overall haplotype diversity, with no consideration of geographical or chronological groups, is 0.97 and is thus notably higher than that seen in ancient France and almost as high as that among modern European goats (exact values are given in Table 3 ). The comparison of chronological groups reveals an increase in haplotype diversity over time, with (for example) the Neolithic sequences dating to 6,200-5,000 cal BC being less divergent than samples less than 5,000 years old (0.95 compared to 0.99). The extremely high number of different haplotypes already present in the earliest Neolithic layers and in the geographically restricted area around the Black Sea indicates that the present-day high mtDNA diversity of goats may not result from recent worldwide admixture of animals. Instead we must assume that either a large number of goats were domesticated or wild goats were subsequently introduced into early domestic herds. One of two processes might have been responsible for the observed level of ancient mtDNA-diversity in South-Eastern Europe: i) the introduction of a large number of animals or ii) subsequent and repeated introduction of goats from different areas. The latter scenario would be consistent with the observed increase in haplotype diversity over time. Further studies are planned to estimate the effective population size of goats that arrived in SE Europe and to test whether these first goats on the European continent show genetic continuity to the modern European population or if more complex scenarios like trading and backcrossing of goats with the wild population have to be considered to explain both the ancient and modern diversity. (Excoffier et al., 2005) The domestication history of Sus domestica Throughout history and to this day, managed pig herds in many places of the world (e.g. New Guinea) have been allowed to forage at will in local forests; interbreeding between wild and domestic animals occurs regularly. This circumstance and the proven introgression of Asian genetic material into the European gene pool complicate the analysis of domestication history and human-mediated dispersal of pigs (Albarella et al., 2006) . Molecular analyses has revealed a long and significant genetic distance between pigs derived from Asia and those from Europe, indicating that at least two independent domestication processes occurred in Eastern and Western Eurasia (Giuffra et al., 2000; Fang and Andersson, 2006) . There is also persistent debate about the number and location of possible further domestication centres (Larson et al., 2005) . It is now widely accepted that European pigs were domesticated in the Near East and then brought to Europe by immigrant famers. A genetic study conducted by Larson and colleagues using mitochondrial DNA analysis showed that Near Eastern domesticated pigs entered Europe in the Neolithic but left no genetic signature in modern breeds . However, there is still an ongoing debate about the processes following this introduction of Near Eastern pigs. On the one hand there could have been an additional attempt at autochthonous local domestication of the European wild boar lineages with a subsequent replacement of the imported animals, possibly as a consequence of the introduction of domesticated pigs to the European continent . Alternatively, the genetic pattern observed in modern European domesticated pigs, which show lineages similar to the indigenous wild boar population, could instead be due to a consistent introgression of local European wild boars into the Near Eastern stock as a consequence of interbreeding between the domestic and wild populations.
Our ancient DNA study on 510 bp of the hypervariable region of the mtDNA of 31 wild boars and 64 domesticated pigs clearly supports the assumption that domesticated animals were introduced to Europe. The mitochondrial lineages of the Neolithic domesticated pigs sampled in South-Eastern Europe are different from the lineages of the wild boars living at the same time in this area. Furthermore, the domesticated pigs sampled in Turkey belong to the same population as the domesticated pigs in the Balkans. Our subsequent finding of two Turkish wild boars from a Chalcolithic cave in the Latmos Mountains provides a first indication of the ancestral population, although a crossbreeding between the domestic and local wild boars at that time cannot be excluded. In middle Neolithic samples from Turkish Thrace we detected for the first time domestic animals that possess lineages identical to the local wild boar population, and in the late Neolithic site of Uivar there is one wild boar showing a "domestic lineage". So it seems that after an initial clear separation of domestic and wild boar populations, early farmers began to crossbreed their domestic stock with the wild boars while, at the same time, domestic pigs mixed into local wild boar populations. And possibly -as time went by over many generations -the original domestic lineages completely vanished from the population and were replaced by the original maternal wild lineages. The observation of the introgression of wild lineages is supported by the findings from the Bronze Age samples of Kanlıgeçit. However, the Neolithic pigs from the Caucasus region possess lineages different from those of both the Neolithic domestic pigs in Western parts of the Black Sea and modern domestic European pigs. In contrast, the comparison of the Neolithic domestic pigs with modern wild boars from this area showed similar mitochondrial lineages. But as we do not have ancient Neolithic wild boars living in the Caucasus, we are unable to draw a conclusion from our data about the origin of this population, possible introgression, or (local) domestication.
The domestication history of Ovis aries
Unlike other domesticated species, there still remains some uncertainty about the wild ancestors of Ovis aries. Three wild species indigenous to Eurasia can be regarded as putative progenitors to the domestic sheep: the Urial (Ovis vignei), the Argali (Ovis ammon) and the European and Asiatic moufflon (Ovis orientalis). The only wild form that is found in Europe today is the European moufflon, but it is now widely accepted that the moufflons found on Corsica, Sardinia and Cyprus are the feral descendants of the first domesticated sheep imported to Europe (Vigne, 1999) .
The first genetic analyses of ovine mtDNA detected two main lineages in domesticated sheep (Wood and Phua, 1996; Hiendleder et al., 1998) . They were termed A and B and classified by phylogeographic means as "Asiatic" and "European", respectively. Furthermore, it was shown that neither the wild species of the Urial nor the Argali have contributed to the domestic gene pool. However, the question of the wild founder population(s) remained unsolved. Recent investigations of Eurasian wild sheep point to the species of Ovis orientalis as the putative ancestor, but more investigations and a consistent nomenclature of the genus are needed (Hiendleder et al., 2002; Rezaei et al., 2010) . When new individuals in more countries were studied, the earlier results were confirmed and three additional lineages were found and designated C-E according to the nomenclature devised by Hiendleder. Haplogroup C has been found mostly in China, but also in minor frequencies on the Iberian Peninsula and in Turkey (Guo et al., 2005; Pedrosa et al., 2007; Bruford and Townsend, 2006) . The last two lineages, D and E, are very rare and have been detected only in single individuals from Turkey, Israel and the Caucasus (Tapio et al., 2006; Meadows et al., 2007) . The only ancient DNA study conducted so far analysed the remains of eight sheep from China: they were all attributed to the lineage A (Cai et al., 2007) . Thus all five haplogroups can be found in areas near the initial domestication centre, but genetic variability decreases with the geographic distance from this region, as has been shown for other domestic animals (see above).
The observations fit the assumptions of an initial domestication in the Near East with a subsequent dispersal of the domesticated stocks to Europe. Furthermore, it has been suggested that the proliferation and spread of just a few founder individuals is responsible for the dominance of a single maternal lineage throughout Europe. The high level of nucleotide diversity and the estimation of the divergence and expansion time between the different lineages, have led many authors to speculate that sheep were independently domesticated at least three times (Tapio et al., 2006; Meadows et al., 2007; Pedrosa et al., 2005) .
The results of our palaeogenetic analysis of the mtDNA of 52 Neolithic and Bronze Age sheep samples from South-Eastern Europe, Western Anatolia and the Caucasus match the present distribution of modern day sheep lineages. The predominance of the B lineage observed in the present can also be seen in Neolithic periods in South-Eastern Europe, with only two individuals carrying the A type. In the eastern region of the Black Sea we have an admixture of three different lineages: Haplogroup A is found in slightly higher proportions than B, and one animal from the early Neolithic site of Aruchlo is a member of the D lineage. This sample from Aruchlo is the only individual in the study carrying this type. The higher variability in the Caucasian area is in accordance with the geographical closeness of this region to the initial domestication centre. In general, the low genetic variability found in European sheep today is not due to a loss of variability during the Neolithic expansion but was present already in Neolithic herds in the area around the Black Sea. Therefore, it can be assumed that just a few founder animals carrying the B lineage were imported to Europe and later proliferated within the European continent.
Summary
On the basis of our comprehensive ancient DNA study on the first four domesticated livestock species from the Balkans, Western Anatolia and the Caucasus, we gained insight into demographic processes that shaped their genetic variability in these different geographic regions over a time period of six millennia.
For cattle, the decline of diversity putatively connected to the Neolithic expansion is not gradual, but occurred in a stepwise fashion with a significant loss in the area northwest of the Balkans. We suggest a connection with the rise of the LBK culture and possibly also selective pressures due to the increasing importance of dairy farming. The small variability in sheep can already be seen among the first animals that reached South-Eastern Europe, indicating that effective population size of introduced sheep may have been very low, possibly even lower than that of cattle. Goats differ from both sheep and cattle, as genetic variability for goats was shown to be extremely high and comparable to the worldwide modern population. The reason for this could lie either in an extremely diverse and large effective founder population or in intense backcrossing with wild goats during the early stages of their domestication history. In the case of pigs, however, we found strong evidence for constant crossbreeding of domesticated pigs with the local wild boar population after their initial introduction into Europe. The original domestic lineages completely vanished and were replaced by the original local maternal wild boar lineages, probably due to sustained introgression.
Although the range of distribution of domestic goat, sheep, pig, and cattle expanded along similar or identical routes to South-Eastern and Central Europe, the gene pools of those animals were shaped in very different ways by demographic processes during the first millennia of domestication. Future research on functional markers coding for specific selected traits, such as milk and meat quality or coat colour, will allow us to reconstruct an even more detailed picture of the coexistence of humans and their farm animals after the Neolithic transition.
